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Abstract: We study n-i-p amorphous silicon solar cells with light-
scattering nanoparticles in the back reflector. In one configuration, the
particles are fully embedded in the zinc oxide buffer layer; In a second
configuration, the particles are placed between the buffer layer and the flat
back electrode. We use stencil lithography to produce the same periodic
arrangement of the particles and we use the same solar cell structure
on top, thus establishing a fair comparison between a novel plasmonic
concept and its more traditional counterpart. Both approaches show strong
resonances around 700 nm in the external quantum efficiency the position
and intensity of which vary strongly with the nanoparticle shape. Moreover,
disagreement between simulations and our experimental results suggests
that the dielectric data of bulk silver do not correctly represent the reality.
A better fit is obtained by introducing a porous interfacial layer between
the silver and zinc oxide. Without the interfacial layer, e.g. by improved
processing of the nanoparticles, our simulations show that the nanoparticles
concept could outperform traditional back reflectors.
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1. Introduction
Thin-film silicon solar cells strongly rely on light-trapping schemes to achieve high efficiencies.
Due to their relatively low absorption in the near-infrared wavelengths, light management is
necessary to enhance their photocurrent [1]. The conventional approach consists of growing
silicon layers on a randomly textured substrate or transparent conductive oxide (TCO) layer
[2–5]. Efficient scattering occurs at the rough TCO/silicon interface because of the refractive
index mismatch between the two materials. To date, the most efficient solar cells are based on
this approach, both in superstrate (p-i-n) and substrate (n-i-p) configurations [6–8].
Light scattering by metallic nanoparticles is an alternative and promising approach for light
trapping. Silver or gold subwavelength particles embedded in a dielectric support localized
plasmonic modes that have a large scattering cross section [9, 10]. The scattering efficiency
strongly depends on the nanoparticle size, as particles smaller than 30 nm tend more to absorb
light than to scatter it [11]. Therefore, the nanoparticles need to be carefully designed to avoid
parasitic absorption and to enhance photocurrent generation in the solar cell. Modelling results
predict that plasmonic concepts can yield significant photocurrent enhancement in thin-film
silicon solar cells [12–17].
Experimental results suggest that plasmonic cells must be designed carefully; the incorpo-
ration of nanoparticles on the front contact of solar cells, as originally suggested by Stuart et
al. [18], resulted in significant photocurrent loss in the visible range when applied to crystalline
solar cells [19, 20], while embedding them in the absorber layer of thin-film cells was found to
disturb current collection [21]. Therefore, integration into the back reflector represents the most
successful option [22–24]. However, it remains difficult to assess the true benefit of plasmonic
concepts from a comparison to flat reference cells since the embedding of nanoparticles in the
rear electrode also adds texture to the active layers. Recently, Tan et al. presented a plasmonic
back reflector that yields a photocurrent as high as that generated by a conventional random
reflector, alas one with very different texture [25].
In this contribution, we compare a nanoparticles back reflector with a conventional grat-
ing back reflector for thin-film solar cells. In our previous work [26], a fair and conclusive
assessment is achieved by using stencil lithography for the fabrication of identical arrays of
disc-shaped nanoparticles and by co-depositing the solar cells and front electrodes. Our ex-
periments show that the nanoparticles back reflector yields a lower photocurrent density than
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its conventional counterpart. Here we interpret our experimental findings with rigorous optical
simulations, taking into account intermixing in the interfacial region between silver and zinc
oxide (ZnO). Our results suggest that the nanoparticles are more susceptible to parasitic losses
in this region. Assuming that shortcomings in the fabrication process can be eliminated, sil-
ver nanoparticles of high quality would have the potential to scatter light more efficiently than
conventional back reflectors.
2. Methods
2.1. Solar cell fabrication
Our back reflectors consist of a flat silver film of 160 nm thickness which was deposited on
glass. For the nanoparticles reflector, the silver film was covered with 35 nm of ZnO. Subse-
quently, silver nanoparticles were fabricated by evaporation through a hexagonal array of holes
in a stencil membrane. In order to guarantee identical geometry, we employed stencil lithogra-
phy [27, 28]. The nanoparticles and the grating back reflectors were completed by depositing
ZnO films of 35 and 70 nm, respectively. Figure 1 illustrates that the former consists of nanopar-
ticles embedded in ZnO, while in the latter, the nanoparticles are in contact with the flat silver
film. The period of the hexagonal array is 430 nm, and the diameter and height of the nanopar-
ticles are 220 nm and 40 nm, respectively. Further details on the back reflector fabrication are
reported in our previous work [26]. As seen in Fig. 1, the intrinsic layer and the front elec-
trode have the same geometry in both configurations, slight inhomogeneities notwithstanding.
Therefore a fair comparison of the back reflectors’ light-trapping performances is possible.
Amorphous silicon (a-Si:H) solar cells with a ∼220-nm-thick intrinsic layer were deposited
in the substrate configuration onto the back reflectors. The front electrode is composed of a 70-
nm-thick indium tin oxide (ITO) layer that acts as an anti-reflection coating. Cells have an area
of 3 mm × 3 mm with a patterned area of 2 mm× 2 mm at the center. Cells were characterized
in their initial state by external quantum efficiency (EQE) measurements on the 2 mm × 2 mm
patterned area. The short circuit current density (Jsc) was calculated from each EQE curve,
weighted by the AM1.5g spectrum and integrated over the wavelength range between 350 nm
and 800 nm. Values of Voc and FF are given in [26].
2.2. Optical simulations
The investigated structures were simulated optically with HFSS (High Frequency Structure
Simulator), a software package based on the finite element method [29]. We used periodic
boundary conditions along the x- and y-directions as illustrated in Fig. 1. In the out-of-plane
direction, scattering boundary conditions were used. A three-dimensional mesh with adaptive
spatial resolution was applied to calculate with high accuracy the electromagnetic field and
corresponding parameters like light absorption in the regions of interest. Experimental ellip-
sometry data were used for the permittivities of the ZnO, silicon and ITO [47] films; different
data sets for silver were taken from the literature as discussed above. The absorption in the in-
trinsic layer was used as a valid approximation for the external quantum efficiency of the solar
cell. This simulation procedure has been successfully applied to simulate thin-film solar cells in
a previous work [30]. Figure 1 shows that the silver nanoparticles are modelled as circular discs
with a height of 40 nm and a diameter of 220 nm in a triangular grid where the center-to-center
distance between adjacent particles is 430 nm. The ZnO layer is split into two 35-nm-thick
layers for the nanoparticles reflector while it is taken as a single film of 70 nm for the grat-
ing reflector. The n- and p-doped layers are modelled as 15-nm-thick layers. As shown in our
previous paper [26], the morphology near the front interface is changed due to non-conformal
growth. Accordingly, Fig. 1 shows that the p-layer and the ITO film were modelled with a
periodic pattern of hemispheric caps to resemble the front texture.
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Fig. 1. Modelling domain used for the HFSS optical simulation. (a) Nanoparticles reflector
with nanoparticles embedded in ZnO. (b) Grating reflector with nanoparticles in contact
with the silver (Ag) layer. The silver nanoparticles are modelled as circular discs (light
grey). The reminder of the cell-stack is identical in both configurations.
3. Results
3.1. Comparison of simulations with experimental EQEs
Measured and simulated external quantum efficiencies (EQEs) for the two configurations are
shown in Fig. 2. Overall, it appears that the correspondence is better for the grating reflector
while the modelling results overestimate the performance of the plasmonic grating. For wave-
lengths below 500 nm, this is most probably related to slight variations in the p-layer, which
result in absorption losses of UV light, and to the ITO thickness, which shifts the position of
the EQE maximum via its anti-reflection effect that is designed for 550 nm. The simulation
input was not adapted since these films are at the very front and are thus minimally related to
the back reflector strategy, the main topic of this contribution.
For wavelengths above 500 nm, in both panels, there is a multitude of peaks that are not
apparent in the experimental EQEs since the grating periodicity as well as the shape of the
nanoparticles is not perfect (see Fig. 2 in [26]). This point is discussed in Sect. 3.3. Nevertheless,
if the experimental EQE enhancement with respect to the flat references is plotted, three clear
resonances can be distinguished between 580 and 700 nm, and a fourth one at 750 nm is less
pronounced [26]. We relate these signatures to guided modes whose excitation is mediated by
grating coupling [31–34]. Since the grating period and the thickness of the guiding medium, i.e.
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Fig. 2. Simulated and experimental EQEs of n-i-p a-Si:H solar cells deposited on the
nanoparticles (a) and on the grating (b) reflectors, assuming different silver datasets. Large
and small symbols represent the experimental EQEs and the enhancements with respect to
a flat reference, respectively.
the silicon film, are identical, we can expect the guided modes to occur at the same wavelengths.
However, they do differ in their respective intensities as the two types of back reflector have
different coupling strengths. Sharpness of the resonances at long wavelengths can be related to
the small absorption coefficient of silicon and the finite thickness of the cells [35, 36].
Experimentally, we do not have direct access to the dielectric properties of the silver used
for the nanoparticles. Instead, we used tabulated data from the literature. The data of Johnson
and Christie (in the subsequent text denoted simply by Johnson) [37] are widely used, as are
those of Palik [38], which are very similar to the earlier data of Ingersoll [39]. Recently, it was
suggested that neither Johnson nor Palik’s data are representative [40] and that the data of Nash
and Sambles [41] should be used instead. The comparison in Fig. 3 shows that the real parts of
the various permittivities differ by about 10% or less in the wavelength range relevant for the
current study. However, the logarithmic scale used for the imaginary part illustrates differences
of almost one order of magnitude.
#190715 - $15.00 USD Received 17 May 2013; revised 4 Jul 2013; accepted 4 Jul 2013; published 16 Jul 2013
(C) 2013 OSA 9 September 2013 | Vol. 21,  No. S5 | DOI:10.1364/OE.21.00A786 | OPTICS EXPRESS  A791
400 500 600 700 800
-30
-20
-10
0
R
e(
A
g)
Wavelength (nm)
Johnson
Palik
Palik with 
Lorentzian
Nash
0.1
1
10
Im
(
A
g)
Fig. 3. Real and imaginary parts of the permittivity tabulated for silver. The uppermost
curve corresponds to the data of Palik with the addition of a Lorentzian resonance at
1.95 eV. Note the logarithmic scale to the right for the imaginary part.
We chose the data with the largest and smallest imaginary part of silver permittivity – those of
Palik and Johnson, respectively – over the light-trapping region, i.e. between 600 and 750 nm.
The corresponding simulations result in the top two curves in Fig. 2. As expected from the low
imaginary part, the data of Johnson predict the lowest losses in silver and therefore the highest
EQEs between 600 and 700 nm. The response in this wavelength range is lower if data of Palik
is used. For the grating reflector, the simulations start resembling the measured data with the
exception of a small band between 600 and 650 nm where the EQE is still overestimated. For the
nanoparticles reflector, however, both simulations are still significantly above the experimental
characteristic.
3.2. Modification of material properties
From the previous section, it can be concluded that the material quality of silver is a decisive
ingredient to high EQE in the light-trapping region. In other words, control of parasitic absorp-
tion in the metallic components is of key importance. Coming back to our experimental results,
we can attempt to explain the remaining discrepancies by considering a silver layer that is even
lossier than measured by Palik. Indeed, porosity and surface roughness have been reported to
substantially increase parasitic losses in silver [42,43]. Based on a study of rough interfaces be-
tween silver and ZnO by real-time spectroscopic ellipsometry, Sainju et al. were able to extract
the permittivity of an interfacial layer that represents intermixing of silver and ZnO [43]. The
resulting characteristic resembles that of bulk silver, but with an added Lorentzian resonance
whose amplitude and width are related to the effective thickness of the roughness zone. Follow-
ing their approach, we define the permittivity of an interfacial layer by adding the susceptibility
of a Lorentzian resonance to the dielectric data of Palik:
χ(ω) = A Ω
2
Ω2−ω2− iΓω (1)
We used ω1 = c/λ1, ω2 = c/λ2, Ω = (ω1 +ω2)/2, and Γ = ω1 −ω2 where c is speed of
light in air. An amplitude of A = 0.7 and a wavelength window between λ1 = 600 nm and λ2 =
675 nm were chosen. The resulting permittivity is shown by the uppermost curve in Fig. 3. The
addition of a Lorentzian resonance has a strong impact on the imaginary part of the permittivity
over the resonant region while the changes to the real part are moderate.
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For the sake of simplifying the modelling routine, we applied the modified permittivity to
the whole volume of the silver nanoparticles. This might be justified to some extent for the
nanoparticles reflector since in this case the particles are fully surrounded by ZnO and [43]
reports that interfacial layers can be as thick as 25 nm. The choice is less justified for the grating
reflector where only the side-walls and the upper surface are exposed to ZnO. The resulting
simulations are represented by the lowest of the three lines in Fig. 2. This modification tends to
underestimate the EQE on the grating reflector above 650 nm, but in the case of the plasmonic
grating the simulated EQE is still above the experimental result. Hence, the parasitic loss is
still not sufficient to account for the measurement on the nanoparticles grating. Despite all the
weaknesses of this empirical approach, we can nevertheless infer that the nanoparticles reflector
is more vulnerable to the parasitic absorption than the grating reflector since almost twice the
surface area is exposed for intermixing with the surrounding ZnO.
3.3. Influence of particle geometry
The nanoparticle geometry has a significant influence on the resonance frequency and the asso-
ciated light scattering [44]. To better reflect the SEM cross section images (see Fig. 3 in [26]),
we replaced the discs with cropped cones with a wall inclination of 64.4◦ with respect to the
substrate plane. The modelling results in Fig. 4 illustrate that this modification increases the
EQE between 550 and 600 nm. It is unlikely that the marginally increased volume of the sil-
icon absorber layer should yield such an improvement. Plotting the integrated absorption in
the nanoparticles only, it appears that the gain in this spectral region is explained by reduced
parasitic absorption. Figure 4 shows that on both types of reflector, the resonance at 710 nm is
almost unchanged by the modification of the wall inclination. The peak at 680 nm undergoes a
red-shift and a an intensity increase that is more pronounced on the grating reflector.
Figure 5 illustrates the changes that occur as the particles change from circular to oval discs
that retain perpendicular side-walls. On the nanoparticles reflector, the resonance at 710 nm
undergoes a noticeable blue-shift and a decrease in amplitude while the resonance at 680 nm
is no longer distinguishable over the background of the steeply increasing EQE. The blue-shift
is also observed on the grating reflector, but the decrease in intensity is much less pronounced.
From this observation we conclude that the features around 700 nm are related to resonances
of the nanoparticles. It appears that they respond to even the smallest deviation from a circular
shape. In contrast to these sharp resonances, the broader ones at 600 and 620 nm are virtually
unchanged, confirming the earlier association with modes in the silicon film. In order to account
for experimental fluctuations, the solid line shows the average of the tree curves. Figure 5 shows
a very good correspondence between simulations and experimental data in the resonant region
around 700 nm.
4. Discussion
The results allow us to draw several conclusions about the functioning of plasmonic light scatte-
ring in solar cells. Figures 2, 4 and 5 show that in all modelled cases the nanoparticles reflector
is predicted to achieve a higher EQE than the grating one. In terms of photocurrent, Table 1
shows that the difference amounts to 0.3 mA/cm2, which is significant considering that the
only difference between the reflectors is the position of the particles in the ZnO film. Yet higher
gain may be expected simply by moving the particles closer to the absorber film [24].
We should still note that the idealized situation in the model does not reflect all experimental
complications. In the following, we will discuss their impact on the shown results as well as
possible remedies. First, it turned out that the dielectric data for silver given by Johnson are not
necessarily representative of the experimental reality while the data tabulated by Palik appear
to be better suited. The calculated integrated photocurrent is thus reduced by approximately
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Fig. 4. Simulated and experimental EQEs for the nanoparticles (a) and the grating (b) re-
flectors, assuming cylindric (dashed-dotted lines) and conic (full lines) nanoparticles. In
both panels, the lower part shows the absorption in the particles.
0.3 mA/cm2 for both types of reflector. Compared to the material used in this investigation,
higher quality silver can be obtained by depositing at elevated temperature or by annealing
after deposition [45]; however, these two options can also change the morphology which would
have been undesirable for the intended comparison. Finally, suppressing the sharp resonances
around 700 nm yields a reduction of about 0.4 mA/cm2. Again the value is almost exactly the
same for the two types of reflector.
Another experimental constraint is surface roughness. This is hard to avoid in the real world
and even more difficult to account for in simulation work. In the model, we kept Palik’s data
for the underlying silver layer but described the whole volume of nanoparticles as intermixed
material. This yields a decrease of 0.5 mA/cm2. Once more it is the same amount for both types
of reflector.
Since the nanoparticles reflector is highly sensitive to the surface roughness and porosity of
the nanoparticles, it will be mandatory to grow them under more suitable conditions and to
improve the silver material quality. Sainju et al. recommended using polished wafer substrates
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Fig. 5. Change of the EQE due to deviation of nanoparticle shape from circular to oval in the
simulation. Dashed-dotted, dashed and full lines represent eccentricities of 0, 0.3 and 0.4,
and the thick line gives their average. Circles and squares denote again the nanoparticles
and the grating reflector, respectively.
and moderate power on the sputtering target in order to grow ultra-flat silver films [43]. In
this experiment, the nanoparticles were fabricated by evaporation through a stencil membrane.
However, thermal evaporation is known to provide growing films with very little energy for
surface diffusion, often resulting in a porous microstructure [46]. We chose the evaporation
process because its directionality was required for stencil lithography; without this constraint,
better quality material can be obtained by choosing a different deposition process.
So far, all of the discussed losses were equally pronounced on the two reflector types. How-
ever, the design of this experiment unavoidably penalizes the nanoparticles concept: Even
though care was taken to make the comparison as fair as possible, Fig. 6(b) shows that the
particles in the grating reflector continue the grain structure of the flat silver film underneath.
In case of the nanoparticles reflector shown in Fig. 6(a), the particles are forced to nucleate
on the ZnO film, which is likely to result in a porous interface and a nucleation region with
small grain size. Given the small height of the discs, the nucleation region will probably extend
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Table 1. Short-circuit current densities for n-i-p cells on the nanoparticles and grating re-
flectors, using different dielectric data for the silver nanoparticles. Values in parentheses
are obtained by suppressing the sharp resonances around 700 nm. The last line gives the
experimental results [26].
Ag dataset Jsc nanoparticles Jsc grating
[mA/cm2] [mA/cm2]
Jonhnson 15.39 (14.96) 15.14 (14.71)
Palik 15.16 (14.83) 14.88 (14.51)
Palik + Lorentzian res. 14.65 (14.25) 14.40 (14.00)
Experimental results 13.5 14.0
Fig. 6. SEM image cross section of a-Si:H solar cells deposited on the nanoparticles (a)
and the grating reflectors (b). The silver nanoparticles in the nanoparticles reflector are
composed of small silver grains due to their nucleation on the ZnO film while the silver
grains can resume their growth in the grating reflector.
throughout most of each nanoparticle’s volume. We chose the parameters of the Lorentzian
resonance to show this effect, not to attain a perfect fit which would be physically meaningless
with so crude a model. Our choice may therefore underestimate the losses in the nanoparticles
case and overestimate those in the grating reflector where no intermixed zone is found at un-
derside of the particles. Looking at the range of current densities with and without the presence
of the Lorentzian resonance, we could argue that the grating reflector should be closer to 14.51
mA/cm2 while the nanoparticles reflector might even dip below the projected value of 14.25
mA/cm2.
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5. Conclusion
We carried out a comparison between two strategies for the grating back reflector of thin-film
solar cells. Using the same geometry, one is based on light scattering from localized plasmon
resonances, and the other represents a conventional reflector with texture. Although the latter
showed better light-trapping performance in our experiments and would discourage the use of
nanoparticles concepts, theoretical modelling predicts otherwise. We studied a variety of sce-
narios to point out the adverse effects of the nanoparticles concept, in particular the poor quality
of silver nanoparticles grown on the ZnO film. Finally we discussed alternative configurations
and fabrication methods that could avoid these shortcomings and give plasmonic concepts a
chance to live up to their potential and to exceed the photocurrent of state-of-the-art silicon
solar cells.
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